The orientation evolution of Mg alloy grains was in-situ tracked during compression at 100°C by the method of electron backscatter diffraction, and meanwhile, quantitative analysis was also conducted on activations of slips and twinning. Effects of extension twinning activation on slips activations were analyzed during deformation based on calculation of variations of Schmid factor for different slips before and after twinning. It is predicted that there are not distinct changes for Schmid factor of basal slips before and after twinning for Mg alloy grains with basal textured orientation, while the Schmid factor of prismatic slips decreases distinctly after twinning and accordingly they are hard to be activated during the subsequent deformation. Simultaneously, the Schmid factor of pyramidal slips increases distinctly after twinning and it is relatively easy for them to be activated during the subsequent deformation.
Introduction
There exists in Mg alloys advantages like high specific strength and low density, which make them environment friendly and attract intensive attentions. But the application of Mg alloys is restricted, because Mg alloys are usually not suitable for plastic working due to their inherent hexagonal close packed lattice structure with low symmetry, in addition, there are a limited number of independent slips to be activated during deformation at room temperature. It has always been the focus of investigations on Mg alloys to improve the plastic formability. Alloying and applying special forming technologies are the two major ways to fulfill this goal (Luo, et al., 2011 , Vinogradov et al., 2012 Poddar et al., 2012; Mendis et al., 2012; Choi et al., 2011; Zhu et al., 2012) . Whatever methods may be adopted, the mechanism of plastic deformation of Mg alloys needs to be revealed. Obviously different from cubic crystal structured metals, twinning usually plays a key role in plastic forming of Mg alloys, especially to extension twinning, which was most easily activated during deformation due to their comparatively lower critical resolved shear stress than that of non-basal slips (Choi et al., 2009; Wang et al., 2010; Graff et al., 2007) . The shear strain of 0.13 is the direct contribution to plastic deformation by extension twinning (Christian et al., 1995; Yang et al., 2009; Barnett, 2007) , another contribution to deformation by extension twinning was that grain orientations were changed after twinning and subsequently more slips will be activated during the following deformation (Proust et al., 2009; Lou et al., 2007) . But how the extension twinning affects the activations of slips during following deformation? It needs quantitative descriptions.
In the present work, in-situ tracking on grain orientations evolution were first conducted for Mg alloys during compression at 100°C by the method of electron backscatter diffraction (EBSD), and the activations of slips and twinning were quantitatively analyzed during the deformation. Through analyzing the effects of extension twinning activations on Schmid factor of slips, on previous calculation of slips activation were logically interpreted, and the concrete conclusions on the effect of extension twinning on activations of slips were drawn.
Experimental
The compression specimen of the AZ31 Mg alloy (3 wt% Al, 1 wt% Zn, 0.2 wt% Mn, balance Mg) was shown as Fig. 1 . It was machined from a hot-rolled commercial extruded sheet that was rolled from 7 mm to 4 mm in thickness by 20% pass reduction at 400°C, and then annealed at 100°C for 4 hours. The dashed region on the RD×TD (RD and TD are abbreviations of rolling direction and transverse direction, respectively.) is the place where grain orientations were in-situ measured by EBSD during deformation. In brief, the experimental process is like this: grain orientations in the region shown in Fig. 1 were measured by EBSD before compression, then the specimen was compressed to a strain ratio along RD by a Gleeble 1500 machine with a deformation velocity of 0.1mm/min at 100°C. After compression, the specimen was unloaded from the tool, and then the grain orientations in the same region were measured again. The above process was repeated. The specimen was further compressed and the grain orientations were measured again, until the specimen was totally compressed for three times with strain ratio raised sequentially, and namely, the grain orientations in the same region were totally measured for four times. A vacuum of 1.0×10-3Pa was maintained during deformation to avoid the oxidation of the Mg alloy specimen. The specimen was mechanically polished and then electrolytic polished in a solution consisting of 90% alcohol and 10% perchlorate at -30°C and 15V. The EBSD data was acquired using a JEOL 7001F FEG SEM fitted with a HKL detector with magnification of 300 and step size of 1.5 μm. The Channel 5 HKL software was utilized to analyze the acquired EBSD data. Fig. 2 shows the evolution of the grain orientations in the measured region during compression. The grains marked with numbers from 1 to 20 are to be analyzed quantitatively. In Fig. 2 , according to the changes of colour that represent three Euler angles, it can be concluded that there are distinct changes of grain orientations after compressing to 0.072 in true strain. While there are not distinct changes for the grain orientations during the subsequent deformation.
Usually, among all the micro modes of metal deformation, twinning can change the grain orientations, and but slipping cannot. Therefore, it can be concluded that extension twinning is activated in most grains during compression from 0 to 0.072 in true strain, while slipping is dominant deformation mode during subsequent deformation. Calculation of misorientation of Grain 1 ~ Grain 20 before and after compression shows that, except Grain 7, extension twinning is activated in all the other 19 grains. Among them, part of the matrices of Grain 3 and Grain 11 have been twinned, while the matrices of the other total 17 grains have been completely twinned. According to the symmetry of hexagonal close packed crystals, extension twinning of Mg alloys can be categorized into six twinning variants, their corresponding crystallographic elements are listed in Table 1 . Calculation of misorientation before and after twinning shows that, corresponding twinning variants of abovementioned 19 grains (except Grain 7) are TT2, TT4, TT4, TT6, TT6, TT1, TT3, TT3, TT1, TT3, TT1, TT4, TT1,  TT2, TT6, TT2, TT6, TT2 and TT3 in sequence. Texture evolution during the previous deformation is shown in Fig. 3 . It can be seen that the initial plate has typical basal texture, after compression to 0.072 true strain, Axis C of most grains have deflected 86.3°towards RD after extension twinning activation, and the basal texture has vanished. 
Results and discussion
The visco-plastic self consistent code was applied to predict the micro deformation mode during deformation above. First of all, the critical resolved shear stress , and hardening coefficient , and of slips and twinning should be determined. The method to determine the mechanical parameters above is to change them until the stress-strain curves of VPSC output coincide with the experimental curves (Choi et al., 2009; Jain et al., 2007; Choi et al., 2010; Yi et al., 2006) , then the mechanical parameters above can be determined. In this way, the obtained mechanical parameters are listed in Table 2 . Fig. 4 shows the micro deformation mode of Mg alloy during the above-mentioned compression predicted by visco-plastic self consistent code. First, extension twinning and basal slips are dominant deformation modes at initial phase of deformation, and then the ratio of contribution to deformation by extension twinning is higher than that of the basal slips when true strain is less than 0.05, after that, the ratio of extension twinning contribution to deformation decreases quickly. At the late phase of deformation, pyramidal slips are dominant deformation mode, while the prismatic slips with lower critical resolved shear stress contribute less to the deformation. It can be concluded that the SF of the pyramidal slips are much higher than that of the prismatic slips at the late phase of deformation. To analyze the effects of extension twinning on slips activation, Schmid factor of different slips of Grain 1 ~ Grain 20 shown in Fig. 2 are calculated separately when the strain ratio is 0 and 0.072. It was well known that there are two independent slips for <a> basal and <a> prismatic slips, respectively. In this research, regarding basal slips, only the two independent slips of and were selected to calculate their SFs, and SFs of the other four basal slips are either equal to one of them or synthesized by them. Similarly, only the two independent prismatic slips of and were selected to calculate their SFs. For the <a+c> pyramidal slips, the total six slips were selected to calculate their SFs. Fig. 5 shows the Schmid factor variations of different slips of Grain 1 ~ Grain 20, they represent mean Schmid factor of above-mentioned two independent basal slips, two independent prismatic slips and six pyramidal slips before and after extension twinning activation, separately. Fig. 5(a) shows that Schmid factor of basal slips raise modestly after deformation. The mean Schmid factor of the twenty grains is chosen to analyze, for basal slips, their SFs raise from 0.1 before deformation to 0.163 after deformation, namely they have an increase of 1.63 times. But the SF of basal slips are always relatively lower before and after deformation, and they are always close to hard orientation. Fig. 5(b) shows that the mean Schmid factor of prismatic slips of the twenty grains decreases significantly, from 0.29 before deformation to 0.04 after deformation, namely decreases by 0.14 times. They are transformed into hard orientation after deformation and then they are hard to be activated again. Fig. 5(c) shows that the mean Schmid factor of pyramidal slips of the twenty grains raises significantly after deformation, from 0.22 before deformation to 0.38 after deformation, namely increases 2.7 times. They are transformed to be close to soft orientation after deformation. 6(a)-(c) shows distributions of the maximum Schmid factor of basal, prismatic and pyramidal slips by displaying distribution of the compression direction, respectively. For the above deformation, distributions of the compression direction before and after twinning were shown in Fig.6(d) and (e), respectively. In Fig.6 , it shows that, for basal slips, most grains were located in the region with low Schmid factor before and after twinning, while for prismatic slips, most grains were located in the region with high Schmid factor before twinning, but they were located the low Schmid factor region after twinning, and for pyramidal slips, most grains were located in the medium high Schmid factor region before twinning, but they were located in the highest SFs region after twinning.
Conclusions
(1) Calculation results on the Schmid factor variations of different slips before and after twinning show that, for grains with basal textured orientation, activation of extension twinning will hardly affect Schmid factor of basal slips, but significantly decrease Schmid factor of prismatic slips, causing them to tend to hard orientation, meanwhile, significantly increase Schmid factor of pyramidal slips, resulting in tending to soft orientation. (2) Differences among effects of extension twinning activation on Schmid factor variations of different slips will significantly affect the activations of slips during the subsequent deformation, on condition of compression at 100°C, due to the extension twinning activation, pyramidal slips with higher critical resolved shear stress have become the dominant deformation mode at the late phase of deformation, while contribution to deformation by prismatic slips with lower critical resolved shear stress is minor.
